ABSTRACT 60GHz-band 500-Mpbs transmitter and receiver multi-chip modules (MCMs) are presented, in which MMICs and a filter are mounted using flip-chip bonding technique. A multi-layer Low Temperature Cofired Ceramic (LTCC) substrate is adopted for a package. The MCMs are directly bonded with printed wiring boards using ball grid array technique, achieving connections for signals and biasing. A developed 500-Mbps ASK transceiver exhibits an average output power of lOdBm and a minimum receivedpower of55dBm. The transceiver is applied to the IEEE1394 wireless adapter which demonstrates 1 7-m communication distance in line ofsight.
INTRODUCTION
Increasing demands for multimedia data links stimulate the development of low-cost wireless transceivers with a bit-rate more than 100Mbps. A 60-GHz unlicensed frequency band (Japan/US) having the advantage of wide-bandwidth (5-7GHz) availability facilitates the realization of high-speed data transmission systems.
We have recently proposed and demonstrated the first IEEE1394 S400 (400Mbps) wireless adapters to confirm system architecture proof-of-concept (1)- (3) . The ASK modulation scheme was adopted to achieve 500-Mbps data transmission required for the transceiver. The ASK transceiver has the advantage of simple configuration with direct modulation/demodulation, which does not require a high-linearity amplifier and an oscillator with low phase noise. This results in low cost. The MCMs in the previous transceiver utilized microstrip-line-type MMICs with wire bonding and external waveguide filters, which was not suitable for mass production. The purpose of this work is to develop low-cost flip-chip MMIC modules. Application of flip-chip technology to millimeter-wave modules offers excellent reproducibility and performance as well as reduction in fabrication steps. Several flip-chip MMIC modules (4)- (6) Fig. 1 . TX is composed of a frequency doubler, a modulator and a medium power amplifier (MPA). A filter is not necessary because occupied frequency bandwidth for a 500-Mbps ASK-modulated signal is less than 2.5GHz which is permitted by the Japanese technical regulation for 60-GHz small power systems. On the other hand, RX is composed of a low noise amplifier (LNA), a filter and a detector. Two carrier frequencies of 60.05-and 63-GHz are used to achieve full duplex links. To reduce internal signal leakage from TX to RX via antennas in a set of the transceiver, the filter in RX is indispensable.
MMIC AND FILTER PERFORMANCES
A coplanar-type MMIC chipset used in the modules has been reported except the frequency doubler (7) . The MPA shows a saturated output power of 14dBm with 12-dB linear gain. The ASK modulator exhibits an onoff ratio better than 18dB. A 30/60-GHz frequency doubler shows a saturated output power of OdBm. The LNA exhibits 20-dB gain with an NF of 4dB. The detector shows a minimum detection power of -32dBm defined at 10-mV output voltage. All MMICs operate under 3.3-V operation. A planar dielectric waveguide filter has been developed for this work (8) . CPW I/O ports directly formed on the filter enable flip-chip mounting on the module. The filter exhibits 2.8-dB insertion loss and a rejection more than 20dB at 3-GHz separation from a center frequency.
MODULE TECHNOLOGY
A schematic cross-sectional view of the MCM is shown in Fig. 2 . We employ the multi-layer LTCC substrate as package structure, featuring cavities for flip-chip mounting, low-dispersion embedded coplanar waveguide (E-CPW) for thick-film printing and low-loss feedthrough structure (6)(9). Baseband signals, 30-GHz CW signals and dc power are fed via solder balls from a printed wiring board (PWB). A CPW to waveguide transition is formed on the substrate for antenna connection. Chip capacitors inside the MCM are eliminated, and instead of them, capacitors on the backside of the PWB are effective for bias de-coupling. The fabricated TX-and RX-MCMs are shown in Fig. 3 . The fabrication process of the package does not include thin-film printing using lithography technique and it is completed just after co-firing and gold plating. Therefore, the number of components and the number of fabrication steps are reduced. The MMICs and the filter are mounted on the package with gold stud bumps by using a thermal compression method.
TRANSCEIVER & IEEE1394 WIRELESS ADAPTER
The measured average output power of TX under 500-Mbps ASK operation with 50%-duty is shown in Fig.  4 . The output power of lOdBm was obtained at a 30-GHz input power of -5dBm. The 990 0-power bandwidth of the output spectrum was measured to be about 1.6GHz . The RX frequency response of sensitivity is shown in Fig.5 . The frequency response was similar to that for the filter insertion loss, indicating successful integration of the filter. The rejection of internal signal leakage from TX in a set of the transceiver can be improved by more than 20dB. A good eye diagram of the demodulated signal was observed as shown in Fig. 6 . The measured bit-error-rate performance of RX is shown in Fig. 7 . The minimum received power defined at a bit-error rate of 10E-12 was -55dBm.
The developed IEEE1394 wireless adapter is shown in Fig.8 . The adapter consists of TX, RX, and 1394 long-haul PHY and can support S400 that is maximum data rate of IEEE1394a-2000 . The size of the adapter is 14 1mm x91mm x32mm and the volume is one-fifth of that for the previous adapter (1)(2). According to the technical regulation in Japan, the average output power was reduced to be 7dBm (10-dBm peak power) by adjusting bias voltages to the MMICs. The gain of the employed planar antennas was -18dBi. In the experiment transmitting DV formatted video data, error-free transmission distance was up to 17m in line of sight.
CONCLUSION
We have successfully integrated flip-chip MMICs and a filter in the multi-layer LTCC package. For cost reduction, the numbers of components and the number of fabrication steps were reduced. The developed MCMs were applied to the IEEE1394 wireless adapter and showed excellent performance for high-speed short-range networking systems. 
